-␣-Sarcoglycan-deficient (Sgca-null) mice provide potential for elucidating the pathogenesis of limb girdle muscular dystrophy type 2D (LGMD 2D) as well as for studying the effectiveness of therapeutic strategies. Skeletal muscles of Sgca-null mice demonstrate an early onset of extensive fiber necrosis, degeneration, and regeneration, but the progression of the pathology and the effects on muscle structure and function throughout the life span are not known. Thus the phenotypic accuracy of the Sgca-null mouse as a model of LGMD 2D has not been fully established. To investigate skeletal muscle structure and function in the absence of ␣-sarcoglycan throughout the life span, we analyzed extensor digitorum longus and soleus muscles of male and female Sgca-null and wild-type mice at 3, 6, 12, and 18 mo of age. Maximum isometric forces and powers were measured in vitro at 25°C. Also determined were individual myofiber cross-sectional areas and numbers, water content, and the proportion of the cross section occupied by connective tissue. Muscle masses were 40 -100% larger for Sgca-null compared with age-and gender-matched wild-type mice, with the majority of the increased muscle mass for Sgca-null mice attributable to greater connective tissue and water contents. Although the greater mass of muscles in Sgca-null mice was primarily noncontractile material, absolute forces and powers were maintained near control levels at all ages, indicating a successful adaptation to the deficiency in ␣-sarcoglycan not observed at any age in LGMD 2D patients. muscular dystrophy; limb muscles; contractility; aging ALPHA-SARCOGLYCAN is one of at least five glycoproteins that form a functional subcomplex within the dystrophin-glycoprotein complex (DGC) of skeletal muscle. The DGC forms a link between cytoskeletal actin and laminin 2 in the extracellular matrix (23) that is critical for maintaining the integrity of the muscle fiber plasma membrane (32, 37, 53) . The function of the sarcoglycans is not known, but they may serve a mechanical role (43) or act as receptor molecules in cell signaling (7, 13) . A deficiency of ␣-sarcoglycan results in reductions in the remaining components of the DGC (19, 34, 51) and leads to limb girdle muscular dystrophy (LGMD) type 2D (34, 46) . The disease appears to affect males and females with approximately equal incidence with a clinical course that varies strikingly, correlated in part with the type of mutation and the amount of residual protein (34, 51). The unifying features of type 2
muscular dystrophy; limb muscles; contractility; aging ALPHA-SARCOGLYCAN is one of at least five glycoproteins that form a functional subcomplex within the dystrophin-glycoprotein complex (DGC) of skeletal muscle. The DGC forms a link between cytoskeletal actin and laminin 2 in the extracellular matrix (23) that is critical for maintaining the integrity of the muscle fiber plasma membrane (32, 37, 53) . The function of the sarcoglycans is not known, but they may serve a mechanical role (43) or act as receptor molecules in cell signaling (7, 13) . A deficiency of ␣-sarcoglycan results in reductions in the remaining components of the DGC (19, 34, 51) and leads to limb girdle muscular dystrophy (LGMD) type 2D (34, 46) . The disease appears to affect males and females with approximately equal incidence with a clinical course that varies strikingly, correlated in part with the type of mutation and the amount of residual protein (34, 51) . The unifying features of type 2 LGMDs are autosomal recessive inheritance, elevated serum creatine kinase levels, and preferential weakness of pelvic and shoulder girdle muscles (21) . For individuals with complete ␣-sarcoglycan deficiency, clinical presentation and progression overlap significantly with dystrophin-deficient Duchenne muscular dystrophy (DMD) with the onset during early childhood of symptoms including difficulty walking and demonstration of Gowers' sign (34, 51) . These individuals generally become wheelchair bound by about 15 years of age with subsequent evolution to respiratory insufficiency (20, 34) .
Similar to the histopathology observed in the muscles of patients with LGMD (51), skeletal muscles from ␣-sarcoglycan-deficient (Sgca-null) mice show an early onset of extensive fiber necrosis and evidence of degeneration and regeneration (19) . Despite knowledge of these early skeletal muscle pathologies in Sgca-null mice, the progression of the pathology and the effects on muscle structure and function throughout the life span are not known. Thus, while Sgca-null mice provide a potential means for studying the role of the protein in the pathophysiology of LGMD 2D as well as for evaluating the effectiveness of therapeutic strategies, the phenotypic accuracy of the Sgca-null mouse as a model of LGMD 2D has not been fully established.
Masses of extensor digitorum longus (EDL) and soleus muscles of Sgca-null mice are 50% and 70% greater, respectively, than muscles of wild-type (WT) littermates at 8 wk of age, but absolute force is not comparably increased (19) . Low specific forces [normalized for muscle cross-sectional area (CSA)] for ␣-sarcoglycan-deficient muscles indicate that the elevated mass largely represents pseudohypertrophy rather than true physiological hypertrophy (47) . Impairments in specific force may also result from a direct effect of the absence of ␣-sarcoglycan on force generation (43) . Our purpose was to examine limb muscles of Sgca-null mice to assess the changes in skeletal muscle structure-function relationships with aging and to determine whether the deficiency in ␣-sarcoglycan affects skeletal muscle in males and females differently. The progressive degenerative nature of LGMD 2D (34) along with the evidence of degeneration and regeneration in young Sgcanull mice (19) suggested that muscles of Sgca-null mice would demonstrate an accelerated loss of mass and force with age compared with muscles of WT mice. Consequently, we hypothesized that EDL and soleus muscles of young Sgca-null mice are larger but generate lower specific forces than those of WT mice, whereas the muscles of old Sgca-null mice are both smaller and generate lower specific forces.
Article published online before print. See web site for date of publication (http://physiolgenomics.physiology.org).
METHODS

Animals
The methods for breeding the Sgca-null mice have been described previously (19) . For several weeks before experimentation, specific pathogen-free (SPF) male and female Sgca-null and WT (mixed background) mice were housed in an SPF facility in the Unit for Laboratory Animal Medicine at the University of Michigan. All procedures were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH Pub. No. 85-23) and were approved by the University of Michigan Committee on the Use and Care of Animals. The survival characteristics of Sgca-null mice have not been established. High mortality rates after 18 mo of age necessitated a cohort of 21 mice to obtain a sample of 13 mice for evaluation at 18 mo. Therefore, 18 mo was estimated to be the ϳ50% survival point and was chosen as the oldest age at which Sgca-null mice would be evaluated. A total of 41 Sgca-null mice and 37 WT mice distributed evenly between males and females was analyzed at 3, 6, 12, and 18 mo.
Operative Procedures
Mice were anesthetized with an initial intraperitoneal injection of avertin (400 mg/kg) with supplemental injections given to maintain an adequate level of anesthesia during the dissection of the hindlimb muscles. In most cases, experiments were conducted on the EDL and soleus muscles of both the right and left legs for each mouse. A total of 81 EDL muscles and 80 soleus muscles of Sgca-null mice was analyzed. For WT mice, 74 EDL muscles and 74 soleus muscles were evaluated. Each muscle was isolated, and a 5-0 silk suture was tied securely to the distal and proximal tendons. The muscle was then removed from the animal and placed in a horizontal bath containing buffered mammalian Ringer solution [composed of (in mM) 137 NaCl, 24 NaHCO 3, 11 glucose, 5 KCl, 2 CaCl2, 1 MgSO4, 1 NaH2PO4, and 0.025 turbocurarine chloride] maintained at 25°C and bubbled with 95% O2-5% CO2 to stabilize pH at 7.4. One tendon of the muscle was tied securely to a force transducer (model BG-50, Kulite Semiconductor Products), and the other tendon was secured to the lever arm of a servomotor (model 305B, Aurora Scientific; Aurora, Ontario, Canada). After removal of the muscles, animals were euthanized with an overdose of anesthetic and administration of a pneumothorax.
Measurement of Contractile Properties
Muscles were stimulated between two stainless steel plate electrodes. The voltage of single 0.2-ms stimulation pulses was adjusted to give a maximum isometric twitch. Subsequently, muscle length was adjusted to the optimal length (L o) at which twitch force was maximal (11) . The forces developed by EDL and soleus muscles were recorded during 300-or 900-ms trains of stimulation pulses, respectively, and stimulation frequency was increased until the maximum isometric tetanic force (P o) was achieved. A stimulus frequency of ϳ160 Hz was typically needed to achieve Po for EDL muscles, and for soleus muscles ϳ140 Hz elicited Po. No changes in the stimulus frequencies that resulted in Po were observed with aging for either Sgca-null or WT mice.
For each muscle, optimum fiber length (L f) was calculated by multiplying Lo by Lf/Lo for EDL and soleus muscle of 0.45 and 0.71, respectively (11) . Power output was determined during isovelocity shortenings through 10% of L f. Equal portions of the shortening ramp occurred above and below Lo. Stimulation at the frequency that resulted in Po and shortening were initiated simultaneously, and stimulation was terminated at the end of the 10% shortening ramp. Power was calculated as the product of the average force developed during the shortening ramp and the velocity of shortening. A range of velocities was tested to find the optimum velocity (V o), ϳ1.7 Lf/s and 0.6 L f/s for EDL and soleus muscles, respectively, at which the power output was maximal.
Morphological Measures
After in vitro measurements, the muscle was removed from the bath, the tendons were trimmed, and the muscle was blotted and weighed. Total fiber CSA was calculated by dividing the muscle mass (in mg) by the product of Lf (in mm) and the density of mammalian skeletal muscle, 1.06 g/cm 2 . Specific Po (in kN/m 2 ) was calculated by dividing Po by total fiber CSA for each muscle. Maximum power was normalized by muscle mass. Muscles were quick frozen in isopentane cooled by dry ice and stored at Ϫ80°C. A subset of muscles was used to determine the ratio of dry mass to wet mass. To assess this parameter, the muscle was cut in half, and the wet mass of each half was obtained. One half was frozen, whereas the other half was dried overnight at 60°C and weighed again to allow calculation of the dry mass-to-wet mass ratio.
Frozen cross sections of 10 m thickness were cut from the widest portion of the belly of each muscle. Cryosections were mounted on microscope slides and stained with either hematoxylin (nuclear stain) and eosin-phloxine (cytoplasmic stain) (H&E) or Sirius red (connective tissue stain). Slides were stained in Sirius red for 1 h and then washed 2 ϫ 2 min in acetic acid water, 2 ϫ 1 min in 100% and 95% ethanol, and 2 ϫ 1 min in xylene (54) . Stained sections were visualized on a microscope (Leitz Laborlux, Leica; Wetzlar, Germany) and captured with a video camera (Diagnostic Instruments; Sterling Heights, MI) using the BioQuant image-analysis system (Nashville, TN).
For each muscle, individual fiber CSAs were evaluated from a single field of an H&E-stained cross section at ϫ400 magnification. Fields containing ϳ50 fibers were chosen randomly from the central portion of the muscle avoiding fields that reached the edge of the section. Images of between six and eight EDL and soleus muscles from 6-, 12-, and 18-mo-old male and female Sgca-null and WT mice were analyzed. Consequently, single fiber areas were measured for 300 -400 fibers for each experimental group. The total numbers of fibers in cross sections were counted for five EDL and soleus muscles of animals at 3, 12, and 18 mo of age. For total fiber counts, cross sections were viewed at ϫ100 with approximately six frames required to view the entire muscle cross section. The numbers of muscle fibers with central nuclei were also counted for four randomly chosen fields from a total of 173 muscles distributed among the 3 age groups.
To assess the presence of split or branched fibers, anterior tibialis (ATB) muscles from young, adult, and old Sgca-null and WT mice were harvested and digested over night in 15% nitric acid (8) . After 24 h, nitric acid was washed from the specimens, which were subsequently stored in a solution containing equal parts glycerol and 0.2% SDS. Isolated fibers were teased from digested muscles with fine forceps and transferred to slides covered with glycerol for microscopic examination (ϫ100) for the presence of branching or splitting.
To minimize observer bias in determining the percentage of connective tissue present in each muscle cross section, Scion Image (Scion; Frederick, MD) was used to estimate the Sirius red-stained areas of cross sections. Images of four random fields at ϫ100 were captured on the BioQuant system under identical conditions. Each image was imported into Microsoft Photodraw (Microsoft; Redmond, WA), and the same brightness and contrast settings were applied to include only those areas stained by Sirius red. Grayscale images were then imported into Scion Image to determine the 256 gray level counts. MatLab 12 (Mathworks; Natick, MA) was used to calculate the percentage of the cross section positive for Sirius red. For both Sgca-null and WT mice, a minimum of four muscles per age group was analyzed.
Statistical Analysis and Data Presentation
All data are presented as means Ϯ SE. For muscle mass and muscle contractile properties, three-way ANOVAs were used to determine the primary effects of age, gender, and strain as well as second-and third-order interactions. For these and all subsequent analyses, differences were accepted as being significant if P Ͻ 0.05. The results of the ANOVAs are summarized in Table 1 . No variable included in this analysis showed a significant gender ϫ age interaction, and for only a single variable (P o) for one muscle (EDL) was the third-order term (strain ϫ gender ϫ age) significant. These observations support the conclusion that overall the effects of age were not different for muscles of male and female mice. Therefore, for clarity of presentation, data from male and female mice are displayed separately, and asterisks in the figures indicate strain differences only, i.e., between Sgca-null and WT mice. Because the effect of the ␣-sarcoglycan deficiency on the extent of muscle hypertrophy was not different between male and female mice, gender effects on the detailed morphological data were not analyzed, and the effects of age and strain were determined separately for males and females by two-way ANOVA. Finally, because of extremely low numbers of fibers in muscles of WT mice containing central nuclei, gender and age effects on central nuclei were analyzed only for Sgca-null mice by two-way ANOVA. When significance was detected, Tukey's post hoc comparison was used to assess the difference. For single fiber CSA, the data were not normally distributed. Consequently, cumulative frequency distributions of fiber sizes for each experimental group were determined, and nonparametric statistical analyses were employed. Finally, variability coefficients were calculated for fiber CSA for each muscle by multiplying the standard deviation of the measurements by 1,000 and dividing by the mean fiber CSA (25) .
RESULTS
Body Masses
For body mass and for the masses of EDL and soleus muscles, strain ϫ gender interactions were not observed (Table  1) . Body masses of both male and female WT mice increased ϳ50% between 3 and 12 mo of age with no change between 12 and 18 mo (Fig. 1) . In contrast, Sgca-null mice were 25% larger than WT mice at 3 mo of age, yet neither male nor female Sgca-null mice showed any change in body mass with age. As a result, older Sgca-null mice were 20 -25% smaller than age-matched WT mice (Fig. 1) .
Muscle Masses
Despite increasing body masses of WT mice, the masses of EDL ( Fig. 2A) and soleus ( Fig. 2B ) muscles were unchanged from 3 to 18 mo. The increasing body masses without corresponding increases in muscle masses resulted in decreasing muscle mass-to-body mass ratios (Fig. 2 , C and D) and suggest that lean body mass remains stable in WT mice throughout the life span with increases in body mass due to increased adiposity. Also unchanged between 3 and 18 mo was soleus muscle mass ( Fig. 2B ) and muscle mass-to-body mass ratio ( Fig. 2D) for Sgca-null mice, but EDL muscle mass increased for both male and female Sgca-null mice up to 12 mo of age ( Fig. 2A) as did the EDL muscle mass-to-body mass ratio ( Fig. 2C) .
At all ages, EDL and soleus muscle masses and muscle mass-to-body mass ratios were larger for Sgca-null mice than for gender-matched WT mice. The lack of change with age in EDL muscle mass in WT mice coupled with the increasing mass in Sgca-null mice resulted in EDL muscles of Sgca-null mice that were 50% larger than WT at 3 mo and over 100% larger at 18 mo ( Fig. 2A) . From 3 to 18 mo, soleus muscles of Sgca-null mice maintained an average 42% Ϯ 4% greater mass than those of WT mice (Fig. 2B ). For both EDL and soleus muscles, the effect of the ␣-sarcoglycan deficiency on muscle mass was not different between male and female mice (Fig. 2) .
The large muscle masses for Sgca-null mice were not restricted to EDL and soleus muscles. For 6-mo-old mice, masses of six additional muscles were measured, including ATB, gastrocnemius (GTN), plantaris, quadriceps, hamstrings, and P values showing the main effects of strain(s), gender (G), and age (A) of mice as well as S ϫ G, S ϫ A, G ϫ A, and S ϫ G ϫ A interactions are shown. EDL, extensor digitum longus muscle; SOL, soleus muscle; Po, maximum isometric force; Vo, optimal velocity. *Significant effects. Fig. 1 . Body masses of male and female ␣-sarcoglycan-deficient (Sgca-null) knockout (KO) and wild-type (WT) mice. Values are given as means Ϯ SE for body masses (in g) of male and female KO and WT mice at 3, 6, 12, and 18 mo of age. No effect of age was demonstrated in KO mice, whereas WT mice increased in mass up to 12 mo. There were no significant strain ϫ gender or gender ϫ age interactions. *Significant differences between data on genderand age-matched KO and WT mice (P Ͻ 0.05).
latissimus dorsi muscles (Fig. 3 ). All muscles except GTN had larger masses in Sgca-null mice. For ATB muscles, the effect of the ␣-sarcoglycan deficiency on muscle mass was restricted to male mice. Despite the lack of an effect of ␣-sarcoglycan deficiency on GTN muscle mass or on ATB muscles of female mice, overall, muscles of Sgca-null mice were on average 38% Ϯ 2% larger than muscles of WT mice. The nearly 40% greater mass for muscles of Sgca-null compared with WT mice at 6 mo of age with no difference in body mass between the two strains of mice necessitates a lower mass of either other muscles or of nonmuscle tissues in Sgca-null mice.
EDL Muscle Contractile Properties
Consistent with no change with age in mass ( Fig. 2A ) or in total fiber CSA (data not shown) of EDL muscles of male or female WT mice, the P o ( Fig. 4A ) and absolute power (Table 2) did not change between 3 and 18 mo of age. In contrast, P o for EDL muscles of Sgca-null mice showed a complex relationship with age. In male Sgca-null mice, as EDL muscle mass increased, P o tended to increase, but only reached significance at 18 mo (Fig. 4A ). P o also increased somewhat in female Sgca-null mice from 3 to 12 mo but then decreased ϳ25% between 12 and 18 mo (Fig. 4A) . Even with the 25% decrease in P o between 12 and 18 mo for EDL muscles of female Sgca-null mice, P o was maintained at or slightly above WT values at each age studied for both male and female Sgca-null mice (Fig. 4A) . Because of a lack of any significant strain effects on V o , absolute power for EDL muscles of Sgca-null mice mirrored the isometric force with values not different from WT at 6 mo and ϳ25% greater at 12 and 18 mo in both males and females (Table 2) . No significant age effects were observed for EDL muscles for either specific P o normalized by total fiber CSA (Fig. 5A) or power normalized by mass (Table  2) . Whereas the EDL muscles of both male and female Sgcanull mice exhibited modest elevations in P o and absolute power compared with WT mice, the much greater CSA and masses of the muscles of Sgca-null mice resulted in specific P o (Fig. 5A ) and normalized power (Table 2) values that were 30% lower than those for WT mice. No effects of age were demonstrated for EDL or soleus muscles of WT mice or for soleus muscles in KO mice, whereas EDL muscle mass in KO mice increased out to 12 mo. There were no significant strain ϫ gender or gender ϫ age interactions. Muscle masses of EDL (C) and soleus muscles (D) of KO and WT mice are also shown expressed relative to body mass. No main effects of gender were observed nor were there any significant strain ϫ gender or gender ϫ age interactions. Consequently, data for male and female mice were pooled. For both EDL and soleus muscles of WT mice, muscle mass/ body mass decreased with age out to 12 mo, whereas for KO mice, the muscle mass/body mass increased for EDL muscles to 12 mo and remained unchanged by age for soleus muscles. *Values for KO mice were greater (P Ͻ 0.05) than those of WT mice for both muscles at every age. Fig. 3 . Muscle masses of Sgca-null (KO) mice. Values are given as means Ϯ SE for EDL, soleus, gastrocnemius (GTN), plantaris (PLN), tibialis anterior (ATB), hamstrings (HMS), quadriceps (QDR), and latissimus dorsi (LTD) muscle masses expressed as the percent different from WT values at 6 mo of age. Strain ϫ gender interactions were observed for ATB muscles, so data for males (M; solid bar) and females (F; shaded bar) are shown separately. For the remaining muscles, data for males and females were pooled. *Significant differences between data on age-matched KO and WT mice (P Ͻ 0.05).
For none of the EDL muscle contractile properties was there a significant strain ϫ gender interaction ( Table 1 ), indicating that the ␣-sarcoglycan deficiency had similar effects on EDL muscles of male and female mice, although for P o the thirdorder interaction was significant.
Soleus Muscle Contractile Properties
In contrast to the lack of strain ϫ gender interactions for the contractile properties of EDL muscles, the ␣-sarcoglycan deficiency had differing effects for soleus muscles of male and female mice on P o , specific P o , absolute power, and normalized power. Overall, strain ϫ gender interactions can be summarized as indicating that soleus muscles of male mice adapted more effectively to the ␣-sarcoglycan deficiency than those of female mice.
For soleus muscles of both male and female WT mice, P o , like muscle mass, did not change between 3 and 18 mo of age (Fig. 4B) . In contrast, in both male and female Sgca-null mice, P o decreased between 3 and 6 mo, after which P o was maintained out to 18 mo (Fig. 4B) . Despite the decrease in soleus P o between 3 and 6 mo, P o was maintained at or slightly above WT values for male Sgca-null mice at each age studied (Fig.  4B) , whereas soleus muscles in female Sgca-null mice showed a 20% deficit in P o compared with WT values by 12 mo of age (Fig. 4B ). Significant strain effects on V o were observed, with V o slightly greater for soleus muscles in Sgca-null compared with WT mice. The result for male mice was a 50% greater absolute power generated by soleus muscles of Sgca-null than WT mice (Table 2) , and for soleus muscles of female Sgca-null mice, absolute powers were not different from WT values No effects of age were demonstrated for male or female WT mice for either EDL or soleus muscles. For male KO mice, Po for EDL muscles was greater at 18 mo than at 3 mo, and for female KO mice, Po peaked at 12 mo followed by a decline. Po for soleus muscles was significantly elevated for both male and female KO mice at 3 mo. *Significant differences between data on agematched and gender-matched KO and WT mice (P Ͻ 0.05). Values are means Ϯ SE. Sgca-null mice, ␣-sarcoglycan-deficient [knockout (KO)] mice; WT-mice, wild-type mice. *Significant (P Ͻ 0.05) differences between data on age-matched and gender-matched KO and WT mice; †significant (P Ͻ 0.05) differences between data on male and female mice of the same age and strain.
( Table 2) , despite a 20% lower P o (Fig. 4B) . Thus, although P o was not maintained at WT values in all cases, adaptations in V o resulted in absolute powers that reached at least WT values at each age studied. Preliminary analysis of pH-dependent histochemistry for myosin ATPase activity (data not shown) indicate that the greater V o values for soleus muscles of Sgca-null compared with WT mice was associated with a shift to a larger percentage of fast fibers.
Specific P o of soleus muscles showed no overall age effects (Fig. 5B) . As noted, soleus muscles of Sgca-null mice exhibited substantial elevations in P o compared with WT values at 3 mo of age (Fig. 4B) , such that even when normalized by the much greater CSA of the muscles of Sgca-null mice, specific P o was not different for soleus muscles of Sgca-null and WT mice (Fig. 5B) . Despite the decrease between 3 and 6 mo in P o for soleus muscles of male Sgca-null mice, the maintenance of P o at or above WT values resulted in soleus muscles showing significant deficits in specific P o only at 18 mo. In contrast, the decrease in P o for soleus muscles of female Sgca-null mice to a point 20% lower than WT values resulted in a 38 Ϯ 3% specific force deficit from 6 to 18 mo (Fig. 5B) . Despite low specific forces, higher V o values for muscles of Sgca-null mice compensated as evidenced by normalized powers for both male and female Sgca-null mice that were not different from WT values at any age (Table 2) .
Histological Analyses
EDL and soleus muscles of Sgca-null mice displayed histological evidence of extensive degeneration and regeneration 2 ) of EDL (A) and soleus muscles (B) of male and female KO and WT mice at various ages. Specific Po for EDL muscles of male WT mice was greater at 18 mo than at 3 mo, but there were no other age effects on specific Po for EDL or soleus muscles of male or female WT or KO mice. *Significant differences between data on age-matched male KO and WT mice (P Ͻ 0.05); **significant differences between data on agematched female KO and WT mice (P Ͻ 0.05). (Fig. 6 ). Whereas muscles of WT mice had very few fibers with central nuclei, extensive central nucleation was observed in both EDL and soleus muscles of Sgca-null mice at all ages (Fig. 6 , B and D, and Table 3 ). Despite persistence in Sgca-null mice of high numbers of fibers with central nuclei, the extent of central nucleation declined with age for EDL muscles (P ϭ 0.003) of female mice and for soleus muscles (P Ͻ 0.001) of both male and female mice ( Table 3 ). The significant reduction with age in the number of central nuclei, especially in the soleus muscle, indicates that the regenerative capacity of the ␣-sarcoglycan-deficient muscle may be declining. Finally, more extensive central nucleation in soleus muscles of male compared with female Sgca-null mice suggests that greater regenerative capacity may contribute to our observation of an enhanced ability in male compared with female mice of soleus muscles to adapt to the ␣-sarcoglycan deficiency. The presence in the epimysial space of mononuclear cells, in particular in muscles of older Sgca-null mice, is consistent with previous observations (19) and supports the presence of a progressive ongoing dystrophic process in the Sgca-null mice.
Single fiber CSAs. For male mice, no effects of age on single fiber CSA were observed for either EDL or soleus muscles of Sgca-null or WT mice (Fig. 7, A and C) . Despite no effect of age on the median fiber size, the variability coefficients increased with age more than 30% for EDL muscles of male Sgca-null mice (Fig. 8A ) and nearly 20% for soleus muscles (Fig. 8B) , an effect not observed for WT mice. In addition, for both EDL and soleus muscles, variability coefficients for fiber Values are means Ϯ SE for the percentages of fibers that contained central nuclei for EDL and SOL muscles of Sgca-null mice. For both EDL and SOL muscles of male and female WT mice of all ages, an overall average of 1.0 Ϯ 0.1% of fibers contained central nuclei. *Significant (P Ͻ 0.05) differences between data for a given muscle from age-matched male and female mice; †significant (P Ͻ 0.05) differences for a given muscle from data for 18-mo-old gender-matched mice. D) . For neither EDL (P ϭ 0.12) nor soleus (P ϭ 0.08) muscles of male mice was there a significant effect of age, so fiber size data from mice of all ages were pooled. For EDL muscles of female WT mice and for soleus muscles of female KO mice, median fiber sizes increased (P Ͻ 0.001) between 6 and 12 mo and then returned to 6-mo levels at 18 mo. Thus individual distributions are shown for each age, whereas data for EDL muscles of female KO mice and for soleus muscles of female WT mice were pooled across age. Overall median fiber sizes for each muscle are indicated with no differences for males between muscles of KO and WT mice but slightly larger fibers for EDL muscles of female KO compared with WT mice and smaller fibers for soleus muscles of female KO mice.
STRUCTURE AND FUNCTION OF MUSCLES LACKING ␣-SARCOGLYCAN
CSAs were ϳ13% greater for muscles of male Sgca-null mice compared with WT mice (overall strain effects: EDL muscles, P ϭ 0.03; soleus muscles, P ϭ 0.04), although the individual group comparisons showed significant strain effects (P ϭ 0.002) only for EDL muscles at 12 mo of age (Fig. 8) . The fiber size distributions for male mice, even when pooled across all ages (Fig. 7, A and C) , showed that the higher variability coefficients were due primarily to a greater number of very large fibers in the muscles of Sgca-null compared with WT mice, with no differences in the median fiber sizes for either EDL (WT: 1,251 m 2 ; Sgca-null: 1,254 m 2 ) or soleus (WT: 1,225 m 2 ; Sgca-null: 1,253 m 2 ) muscles. Single fiber CSA increased for EDL muscles in female WT mice between 6 and 12 mo and then returned to the 6-mo level by 18 mo, whereas there were no effects of age on fiber size for EDL muscles of female Sgca-null mice (Fig. 7B) . For soleus muscles of female mice, the opposite was true, with WT mice showing no effect of age on fiber size and Sgca-null mice demonstrating an increase between 6 and 12 mo followed by a decrease (Fig. 7D) . Similar to the fiber CSAs in male mice, the variability coefficients increased with age for both EDL and soleus muscles of female Sgca-null but not WT mice (Fig. 8) . Furthermore, the effect of the ␣-sarcoglycan deficiency on the variability in fiber CSA was more dramatic for female than male mice with both EDL and soleus muscles of Sgca-null mice showing 26% greater variability coefficients (P Ͻ 0.001) for single fiber CSA than WT mice. Also similar to the findings for male mice, little if any of the larger mass of ␣-sarcoglycandeficient muscles in female mice was due to hypertrophy of individual fibers as the median single fiber CSAs for EDL muscles were similar (Fig. 7B) for Sgca-null (1,093 m 2 ) and WT mice (1,069 m 2 ) and over 15% smaller (Fig. 7D ) for soleus muscles of Sgca-null mice (968 m 2 ) compared with WT mice (1,142 m 2 ). Fibers from muscles of male mice were on average 20% larger than those of female mice for both Sgca-null and WT mice, indicating that most of the ϳ30% larger muscle masses in male compared with female mice was explained by greater single fiber CSAs. The fiber sizes reported here are well within the range of fiber sizes previously reported for mdx and control mice by other researchers (5, 15, 36, 55) .
Total number of fibers. Overall, muscles of Sgca-null mice exhibited greater fiber numbers compared with the WT values with no effect of age for EDL or soleus muscles. For EDL muscles of WT mice, an average of 626 Ϯ 38 muscle fibers appeared in a cross section, whereas for Sgca-null mice, EDL muscle cross sections contained an average of 750 Ϯ 52 muscle fibers. The average numbers of fibers that appeared in soleus muscle cross sections were 681 Ϯ 66 and 514 Ϯ 39 for Sgca-null and WT mice, respectively. Similar numbers of fibers have been reported in the literature from cross sections of EDL and soleus muscles of mice (12) . Despite no overall effect of age on fiber number for muscles of either Scga-null or WT mice, significant strain ϫ age interactions were observed such that for EDL muscles there was no difference between fiber counts for muscles of Sgca-null and WT mice at 3 mo of age, but at 12 and 18 mo of age, cross sections from Scga-null mice contained 21% and 41% more fibers, respectively, than sections from WT mice. In contrast, soleus muscles of Sgca-null mice showed ϳ50% greater fiber numbers than muscles of WT mice at 3 and 12 mo of age, whereas at 18 mo the fiber counts did not differ for muscles of Sgca-null and WT mice.
Branched fibers. Although branched fibers were readily identifiable in both EDL and soleus muscles of Sgca-null mice, the occurrence of branched fibers was low and the branching was less extensive for individual fibers compared with that reported for EDL and soleus muscles of mdx mice at 6 -21 mo of age (31) . We cannot, however, exclude the possibility that extreme fragility of fiber branches, especially branches with membrane cytoskeletal deficiencies, were broken and not detected.
Connective tissue. Figure 9 , A-D, shows representative cross sections of EDL and soleus muscles of WT and Sgca-null mice stained with Sirius red. For both EDL and soleus muscles of WT mice, the amount of connective tissue was low, with ϳ7% Values for male mice are offset slightly to the left and those from female mice to the right of the actual ages for clarity of presentation. Whereas there were no effects of age for muscles of WT mice, for KO mice, variability coefficients increased with age for EDL muscles of male mice and for soleus muscles of both male and female mice. Significant differences were also observed between KO and WT mice for both EDL and soleus muscles of both male and female mice with the variability always greater for muscles of KO mice. *Significant differences between data on age-and gender-matched KO and WT mice (P Ͻ 0.05).
of the cross section staining for Sirius red. In contrast, for Sgca-null mice, the percentage of EDL and soleus muscle cross sections occupied by connective tissue varied somewhat across the ages studied (Fig. 9E) . Connective tissue was highest at 3 mo of age in EDL muscles of Sgca-null mice and at 12 mo in soleus muscles. Despite these changes with age, connective tissue was greater at every age for Sgca-null mice than for WT mice, with the percentage of the cross section occupied by connective tissue anywhere from 50% to nearly 400% greater for ␣-sarcoglycan-deficient muscles (Fig. 9E) .
Dry mass-to-wet mass ratio. Dry mass-to-wet mass ratios were determined only for muscles of 3-mo-old mice. The dry mass-to-wet mass ratio for EDL muscles of WT mice was 0.25 Ϯ 0.01, whereas the value for Sgca-null mice was 0.21 Ϯ 0.01, indicating water content was greater in the muscles of Sgca-null mice. Similarly, values for soleus muscles were 0.22 Ϯ 0.01 and 0.18 Ϯ 0.01 for WT mice and Sgca-null mice, respectively. For WT mice, no difference in dry mass-to-wet mass ratio was observed between EDL and soleus muscles. Contrary to the smaller degree of increased mass for soleus muscles of Sgca-null mice, but consistent with generally greater connective tissue content, the soleus muscles showed higher water content than EDL muscles.
Summary of Results
On the basis of the dry mass-to-wet mass ratios and the percentages of the cross sections stained for Sirius red, estimates were made for young mice for the percentage of the wet mass accounted for by water and extracellular connective tissue. The results of this analysis showed little difference between EDL and soleus muscles of young WT mice, with 76% and 2% of the wet mass comprised of water and connective tissue, respectively. The remaining 22% of the wet mass can be assumed to contain the myofibrillar component as well as a minor contribution by noncontractile cellular components. Connective tissue remained consistently low for WT mice resulting in no changes throughout the age range in the percentages given above. Compared with muscles of WT mice, muscles of young Sgca-null mice showed greater percentages of the wet mass comprised of water (ϳ80%) and connective tissue (ϳ5%). Consequently, the myofibrillar component contributed a lower percentage (Ͻ15%) to the wet mass for Sgca-null mice. Also in contrast to the data on WT mice, connective tissue content (Fig. 9E) , and likely water content, varied somewhat for Sgca-null mice with age and between EDL and soleus muscles.
For EDL muscles of Sgca-null mice, approximately twothirds of the "hypertrophy" at 3 mo was attributable to increased water and one-third to increased connective tissue, with a negligible contribution of myofibrillar material. For older Sgca-null mice, increased myofibrillar material in EDL muscles contributed a slightly higher percentage to the muscle mass, consistent with slightly higher values for P o compared with WT values at the older ages (Fig. 4A) . For soleus muscles as well, approximately two-thirds of the "hypertrophy" in young Sgca-null mice was attributable to increased water, but Fig. 9 . Sirius red staining for connective tissue. Cross sections are shown for sections of EDL (A and B) muscles at 3 mo of age and soleus muscles (C and D) at 12 mo of age at ϫ100 magnification for WT and Sgca-null mice. E: pixel percent staining for Sirius red of EDL and soleus muscles from young, adult, and old Sgca-null (shaded bars) and WT (solid bars) mice. Young mice were 3 mo of age, adult mice were 6 -12 mo of age, and old mice were 18 mo old. There were significant differences between Sgca-null and WT mice for pixel percentage for both muscles at every age. There was also a significant effect of age for both EDL and soleus muscles of Sgca-null mice and significant strain ϫ age interactions (P Ͻ 0.001). Data are presented are means Ϯ SE. *Significant differences between KO and WT mice (P Ͻ 0.05).
the remaining one-third was split roughly 60 -40 between myofibrillar material and connective tissue. The Ͻ20% of the soleus muscle "hypertrophy" attributable to myofibrillar material accounts for higher P o values for Sgca-null compared with WT mice at 3 mo (Fig. 4B) . Consistent with the drop in P o with age for soleus muscles of Sgca-null mice, the contribution of myofibrillar material to the elevated soleus muscle mass was negligible at older ages, and the contributions of connective tissue and water were greater.
DISCUSSION
Progressive skeletal muscle wasting and weakness are characteristic of patients with primary defects in the expression of one of the sarcoglycan genes (Table 4) (10, 20, 34, 46, 51) . Despite very early onset of pathology in Sgca-null mice (19) , Sgca-null mice show an increase in muscle mass relative to WT masses throughout the life span and do not at any age display the muscle wasting that is observed in human LGMD 2D. Both actual myofiber hypertrophy (25, 26, 33, 36) as well as pseudohypertrophy, characterized by proliferation of connective and adipose tissues (16, 33, 39) , have been described in mdx mice and feline and canine models of muscular dystrophy. In the present study, the 50% and 62% larger masses of EDL and soleus muscles, respectively, of 3-mo-old Sgca-null compared with age-matched WT mice are in excellent agreement with the 50% and 70% greater masses of EDL and soleus muscles of Sgca-null mice at 8 wk reported by Duclos et al. (19) . Consistent with our hypotheses, the overall response of eight different muscles of Sgca-null mice, including limb and trunk muscles, was ϳ40% greater masses compared with WT values at 6 mo of age. In contrast, the sustained 40% greater masses of soleus muscles and 30% increase in EDL muscle mass for Sgca-null mice from 3 to 18 mo were contrary to our hypothesis that Sgca-null mice would experience an accelerated loss of muscle mass with age. The ability of muscles in Sgca-null mice to adapt to the deficiency of ␣-sarcoglycan out to 18 mo of age was impressive, particularly in light of the report of Duclos et al. (19) of apparently ongoing and mounting muscle pathology, including single fiber atrophy, hypertrophy, endomysial fibrosis, calcification, and fatty infiltration.
Despite consistently greater masses for muscles of the Sgcanull mice, the roughly equivalent absolute forces generated for much of the life span by muscles of Sgca-null and WT mice are consistent with our conclusion that a relatively small portion of the "hypertrophy" of ␣-sarcoglycan-deficient skeletal muscle was attributable to increased contractile material. Previous attempts to explain low values of specific force for muscles of mdx mice were made by quantifying the actual viable muscle fiber CSA (38) . These analyses demonstrated deficits remaining in the "corrected" specific force for bundles of diaphragm muscle fibers from mdx compared with control mice (38) . Factors that may explain impaired force generating capacity of "viable" fibers in dystrophic muscle are low force production by fibers expressing embryonic myosin isoforms (45) , by fibers undergoing segmental degeneration (48) , or by branched fibers (31) , changes in excitation-contraction coupling (for a review, see Ref. 9) , and/or altered function of the cross-bridges themselves (14) . The 30% lower values for specific P o and normalized power reported in the present study for EDL muscles of Sgca-null mice are remarkably similar to the 30% lower percentage of the EDL muscle wet mass estimated to be composed of contractile material. In fact, after P o and power were normalized by the dry mass of contractile material, no differences were observed at 3 mo between Sgca-null and WT mice. These data indicate that the low specific force values observed for limb muscles of Sgca-null mice are explained by shifts in the composition of the muscle such that less of the mass is occupied by contractile material and support the A summary is provided describing various traits associated with deficiencies in the dystrophin-glycoprotein complex in limb girdle muscular dystrophy type 2D (LGMD 2D) and Duchenne muscular dystrophy (DMD) patients as well as Sgca-null and dystrophin-deficient (mdx) mouse models. Traits include true muscle hypertrophy (either an increase in myofiber size or number), maximum force-generating capability (Po), force normalized by muscle cross-sectional area (specific Po), increased intramuscular connective tissue (fibrosis), the development of cardiomyopathy or cognitive impairments, and an effect on age of onset, loss of mobility, and overall life span.
conclusion that the force-generating capacity of individual fibers is not directly affected. Although these results suggest there is no specific role for the DGC or the sarcoglycan complex in force generation, the elimination in ␣-sarcoglycandeficient mice of the effect of biaxial loading to enhance specific force production by diaphragm muscles (43) supports a role of the sarcoglycan complex to modulate the contractile properties of at least some muscles.
The observation that a large majority of the increased mass of ␣-sarcoglycan-deficient skeletal muscle is connective tissue and water is perhaps not surprising in that connective tissue proliferation is a consistent response across numerous models of muscular dystrophy (Table 4) , including DMD (22) and canine X-linked muscular dystrophy (56) and older mdx mice (35) . Increases in noncontractile material are uncommon in muscles of control animals without disease. In muscles of control mice, the percentage of connective tissue is very small and stable until the age of about 25 mo (2), and the dry mass-to-wet mass ratio also does not change with age (11), although collagen accumulation has been reported in response to overload (1, 27, 57) . The increased load experienced by the weight-bearing soleus muscle might explain the greater average increase in connective tissue for soleus than for EDL muscles of Sgca-null animals. Increased accumulation of collagen in dystrophic muscles has been attributed to greater transcriptional activity of collagen genes in muscle fibroblasts in response to damage (28) . Alternatively, the connective tissue proliferation may be associated directly with the deficiency of the sarcoglycan complex. Support for the hypothesis that connective tissue proliferation is associated directly with sarcoglycan deficiency is provided by the observation that connective tissue accumulation is initiated very early in life in muscles of Sgca-null mice, dystrophic dogs, and to some extent mdx mice and DMD patients (16, 35, 42) .
As observed for limb muscles of mdx mice (5, 36, 39) , single fiber CSAs for EDL or soleus muscles of Sgca-null mice were not greater than those for muscles of WT mice (Table 4) . The lack of an increase in average muscle fiber size in Sgca-null mice suggests that any enhanced ability of muscles of Sgcanull mice to generate absolute force is due to an increase in fiber number compared with muscles of WT mice. At least a portion of the hypertrophy of avian muscle in response to overload (3) and of muscles of mdx mice (31) and dystrophindeficient cats (25) appears to involve an increase in muscle fiber number. Although our data indicate that muscles of Sgca-null mice exhibited greater fiber numbers when compared with WT values at all ages studied, these measurements of fiber number were made through single muscle cross sections. Fiber counts made from cross sections cannot distinguish branched portions of the same fiber. Consequently, under circumstances when branched fibers are present, as is the case in ␣-sarcoglycan-deficient muscle, such fiber counts are likely to be inflated. The number of fibers in a muscle can be increased by the splitting of existing fibers, by the generation of new fibers through the proliferation of satellite cells (30, 49) , or some combination of the two phenomena. High levels of satellite cell activation and muscle regeneration have been reported in several models of muscular dystrophy (4, 40, 50) .
Our findings of higher coefficients of variation for single fiber CSAs for muscles of Sgca-null compared with WT mice indicate the presence of small, regenerating, branched or spilt fibers, and/or large, apparently hypertrophied, fibers as well as fibers with "average" CSAs in the muscles of Sgca-null mice. Previous analyses of fiber sizes in limb muscles of mdx mice have also demonstrated no differences in mean muscle fiber CSAs for mdx and control mice but greater numbers of fibers in mdx mice with large and small diameters (15, 55) or CSAs (5, 36, 39) . Likewise, dystrophin-deficient cats had similar mean fiber diameters but much larger variability coefficients for fiber diameters compared with heterozygous or control animals (25) . In mammals, muscle hypertrophy typically occurs at the level of individual myofiber hypertrophy as the physiological response to a chronic increase in load (47) . Despite little evidence for increases in mean fiber CSA in dystrophic compared with control muscles, significant hypertrophy of individual myofibers and high variability in fiber diameters appear to be hallmarks of many models of muscular dystrophy (5, 19, 25, 33, 39) . Whether the hypertrophied fibers are in fact responding in a compensatory fashion to an increased load placed on them as a result of adjacent damaged and dysfunctional fibers (36) or represent an indication of an overall defect in the ability of dystrophic skeletal muscle to regulate fiber size is not clear.
Similar to the mild disease of mdx mice (6, 18, 36, 55) compared with DMD patients (21, 22) , the pathology of Sgcanull mice (Ref. 19 and present study) is mild compared with that of LGMD 2D patients with complete ␣-sarcoglycan deficiency (20, 34, 51) , although Sgca-null mice do appear to have a significantly shortened life span as evidenced by our experience of an increase in mortality beyond 18 mo of age (Table 4) . The reason for the apparent decrease in life span of Sgca-null mice is not known. Whereas mdx mice display a mild cardiomyopathy (21) , none is present in Sgca-null mice despite a reduction of the sarcoglycan complex in cardiac muscle (19) . We have observed that older Sgca-null mice appear to experience difficulty with chewing food, a factor that may be associated with the trend toward a decrease in body mass observed for 18-mo-old mice as well as with the increase in mortality. One explanation for the mild phenotype of mdx mice compared with DMD patients is that utrophin, a homologous protein to dystrophin, compensates for the defect in mice more effectively than in human beings. Support for this hypothesis is provided by the severe dystrophic phenotype of utrn Ϫ/Ϫ /mdx mice lacking both utrophin and dystrophin (17, 29) and the amelioration of the myopathy in these mice by skeletal musclespecific expression of truncated utrophin (44) . One might speculate that a similar compensatory mechanism protects muscles of Sgca-null mice but not humans.
The ability to mount an effective muscle regenerative response also appears to be an important factor distinguishing the progression of various forms of muscular dystrophy. The relatively mild diseases in mdx and Sgca-null mice as well as the fiber hypertrophy and lack of accumulation of endomysial or perimysial fibrosis in dystrophic cats (25, 50) occur in models in which effective muscle regeneration is apparently ongoing and continuous (5, 6, 50) . The observation in the present study of large numbers of centrally nucleated fibers in muscles of Sgca-null mice out to 18 mo of age supports the persistence of active regeneration in the muscles of these mice. In contrast, progressive muscle wasting and weakness and increases in connective tissue observed in dystrophin-deficient dogs (16, 42) , in the diaphragm muscles of mdx mice (52), and in DMD and LGMD patients are associated with a lack of evidence of regenerating fibers. Mdx mice deficient in either the early muscle-specific transcription factor MyoD (41) or the myocyte nuclear factor (MNF) selectively expressed in satellite cells (24) exhibit impaired satellite cell function, decreased skeletal muscle regenerative capacity, severe myopathy, and premature death. The results of the studies of MyoD-and MNF-deficient mdx mice support not only the importance of these factors in muscle regeneration but the importance of the regenerative response in the mild dystrophic phenotype of mdx mice. On the basis of these experiments, the function of specific transcription factors or the ability of satellite cells to respond to the factors may play a role in the ability of muscles of mdx and Sgca-null mice to respond to dystrophy-causingmutations with a compensatory regenerative response.
In summary, all DGC-based membrane cytoskeletal defects in all species show some form of muscle hypertrophy, either true hypertrophy or pseudohypertrophy, early in the disease process. In ␣-sarcoglycan-deficient skeletal muscles, the portion of the elevated mass that can be considered true hypertrophy is small and variable with age and between muscles. Soleus muscles of ␣-sarcoglycan-deficient mice show some true hypertrophy early in life, but this is not maintained. EDL muscles of these mice actually display some evidence of increasing true hypertrophy with age, primarily in the form of increased fiber number. After the early hypertrophy, different forms of muscular dystrophy diverge with respect to the occurrence, rate, and magnitude of wasting and weakness, but the course of the divergence is not necessarily consistent across species, even under circumstances when the same protein(s) are involved. Consequently, the intrinsic relationship between the hypertrophy on the one hand and the subsequent wasting and weakness on the other hand remains unclear. The results of the present study clearly indicate that the Sgca-null mouse model does not at any age represent the muscle wasting that is observed in human LGMD 2D. Despite disparate phenotypes in sarcoglycan-deficient mice and LGMD 2D patients with the same genetic defect, the Sgca-null mouse holds tremendous value as a tool for establishing the basic function of the sarcoglycan complex and the pathophysiology of sarcoglycandeficient muscular dystrophies.
